Abstract. With the popularization of UAV in the dramatic domain, the accidents and incidents of UAV threatening civil aircraft has often occurred. The study of the UAV impacting on the critical parts of aircraft has become a new issue in aviation safety. In the paper, a numerical model of a high-speed UAV impact on the blade are established based on the classical Lagrange method in the non-linear dynamic program. Under different impact velocities and blade rotating speeds, impacting the root, central and tip of the fan blade respectively are analyzed in detail, together with the impact point displacement and the system internal energy, strain energy and kinetic energy time history of 18 kinds of working conditions. The dynamic response of UAV casings and the lithium battery impact on fan blades were analyzed respectively in same conditions. The results show that the influence of rotating speed of UAV impact on blade is greater than the impact velocity. The deformation of the blade tip is the largest, followed by the blade center and then the blade root.
Introduction
Recently UAV technology is gradually maturing and the demand is increasing. The potential threats of UAVs operation are emerging, and it has seriously endangered aviation safety and flight operation of air transport. In April 2017, Sichuan Province, Chengdu Shuangliu International Airport have occurred more than 5 times close encounters between the UAV and the aircrafts, the airport operations have been seriously affected and lead to a large number of flight delays. Some similar events are not uncommon domestic and abroad. The damage of UAV impacting other aircraft becomes a new issue in the aviation domain, especially for airlines [1] . More attention should be paid for the aircraft structure after UAV ingestion, especially for aero engines. In general aviation and transport aviation, the probability of bird-strike on engines is up to 13% and 76% respectively. It means that the UAV has a very high probability of being ingested in the engine [2] . In this paper, the finite element program is used to study the impact damage when an UAV impacted fan blades of aircraft engine. And then the impact response of the UAV impact on blade are analyzed under the different working conditions.
The Establishment of Numerical Models

UAV Model
At present, the four rotor UAVs (consumption level) are relatively popular in UAV market. The UAV comprises external body, power system and other metal parts. The UAV material structure generally includes solid plastic, metal parts, lithium batteries and so on. Comparing with birds' soft tissues and muscles, the UAV is structurally more dense and stiffer [3] . The class I miniature UAV is here used as the impact body, the weight is 1.42 kg. The structure of the four rotor UAV is simplified for the numerical analysis, the simplified model is shown in Figure 1 . The simplified physical model includes 4 small motors, 4 lithium batteries and carbon fiber composite shell. The body structure is composed of a hollow hemispherical and a cylinder shell. The structure of a lithium battery is replaced with two solid cylinders. The lithium battery is placed in the central position of the body. The thickness of the shell is 2 mm, and all the elements are linear display shell elements. The element type is S4R and S3, and reduce integral, and hourglass control are utilized here. The material of shell is carbon fiber composite material. The material constitutive parameters are defined by fiber reinforced composite Hashin damage and elastic monolayer. Four small motors and internal lithium batteries in UAV are described with isotropic elastomer parameters. All parameters of composite materials are shown in Table 1 . 
Fan Blade Model
The physical model of the aero engine blade is established through the software SolidWorks, and then the 3D model is imported to the finite element pre-processing software HyperMesh for meshing. In order to improve the computation efficiency, the first stage compressor blades are only considered. The first stage compressor blade consists of 18 blades which are made of Titanium alloy TC4.The main component is Ti-6Al-4V [4] [5] which has good corrosion resistance, low density, high strength and good comprehensive performance. The numerical models of fan blades are created with the Johnson-Cook constitutive model and the Johnson-Cook (JC) damage criterion.
Johnson-Cook material model is the product of strain hardening function, strain rate enhancement function and thermal softening function. JC model can be used to simulate dynamic load, such as impact load and deformation, and the modified form is:
Five parameters of A, B, C, m, n [6] are usually need to be determined by the experiments. They are shown in the following table2: 
The Computation Conditions
The nonlinear explicit dynamic program is applied to analyze the impact damage of aviation engine after UAV Ingestion. The classical Lagrange algorithm is applied to simulate the impact response under the conditions. According to the FAR25 airworthiness requirements, the initial state is the clockwise rotation, the blade speed is defined for high power and low power state, respectively 100% speed (900rad/s) and 30% (270rad/s) [7] . With the consideration of the take-off in the stage of climb and descend, the probability of UAV ingestion is higher, so the impact velocity were 150m/s, 110m/s, and 70m/s. The impact location of blade were the root (20% length of blade), central (50% length of blade), tip (80% length of blade) [8] [9] as shown in Figure 2 . 
Results and Analysis
The impact dynamics of an UAV ingestion is simulated as shown in Figure 3 . In the process of UAV impact, the UAV's motor firstly contact with the high-speed rotating blade and the motor structure strips from the UAV body structure. At the same time two composite cylindrical tubes are squeezed with intense deformation. With the process of extrusion, the main part of UAV directly contacts with the blade and the blade is warped with large deformation. The composite shell and four cylindrical tube are extremely distorted under interaction, and the four motors are dropped off and scattered around. The local damage and deformation of the aero engine blades after UAV ingestion is given as Figure  4 . The maximum deformation of the impact point under 18 kinds of conditions are listed in Table 3 . Here non-dimensional treatment are carried out here. It can be clearly seen that the UAV impacts on the tip of the blade with the largest deformation, followed by the central, and the deformation of the root is the smallest. The deformation of the blade at high speed is much more than at the low speed, and it is about 2 to 3 times in the formation value. In the conditions which its impact velocity range is 70-150m/s, the maximum deformation of the impact position is almost the same. The evolution of the internal energy and strain energy of system with time is shown as Figure 5 , and the impact conditions are 100% rotation speed, 150 m/s impact speed and the impact positions are the root, central and tip of the blade. It can be seen from the four energy trend curves that the strain energy can gradually increase within 1ms when the UAV crashes into the blade. The strain of the system can reach the maximum value, which corresponds to the maximum deformation of the blades in the peak state. The strain energy curve from the large to the small value is tip, central, root, which is consistent with the non-dimensional displacement values in Table 3 . The internal energy and the strain energy impact on the tip reach two peaks. The second peak is slightly larger than the first peak value because more than two blades have contacted the UAV. In the process of impacting on the blade tip, the maximum deformation of the second blade is greater than the first blade.
Conclusion
In this paper, the classical Lagrange method is used to simulate the impact damage of aviation engine after UAV ingestion. The results are as follows:
(1) Within the impact velocity of 70~150m/s, the velocity influence to the deformation of the fan blade is almost zero. The deformation of the UAV under 100% rotating speed is about 2~3 times than 30% rotating speed.
(2) The deformation of the UAV when it impacts on the blade tip is the largest, and the impacting the center condition is the second, and the impacting the root condition is the smallest.
(3) The impact damage of aero engine after UAV ingestion are mainly due to the internal rigid body of lithium batteries. The UAV composite shell as energy absorbing material can consume part of impact energy, thereby reducing the damage of the fan blades.
(4) It is feasible to numerically simulate the dynamical behavior of UAV impact on the fan blades, and it is helpful to carry out UAV test verification in the future.
